Although the mapping of spatiotemporal patterns of urban expansion has been widely studied, relatively little attention has been paid to detailed comparative studies on spatiotemporal patterns of urban growth at the regional level over a relatively longer timeframe. This paper was based on multi-sensor remote sensing image data and employs several landscape metrics and the centroid shift model to conduct a multi-angle quantitative analysis on urban expansion in Beijing, Tianjin and Tangshan (Jing-Jin-Tang) in the period from 1970-2013. In addition, the impact analysis of urban growth on land use was adopted in this research. The results showed that Beijing, Tianjin and Tangshan all experienced rapid urbanization, with an average annual urban growth rate of 7.28%, 3.9%, and 0.97%, respectively. Beijing has especially presented a single choropleth map pattern, whereas Tianjin and Tangshan have presented a double surface network pattern in orientation analysis. Furthermore, urban expansion in Beijing was mainly concentrated in Ring 4 to Ring 6 in the northwest and southeast directions, whereas the major expansion was observed in the southeast in Tianjin, primarily affected by dramatic development of Binhai New Area and Tianjin South Railway Station. Naturally, the urban expansion in Tangshan was significantly influenced by the expansion of Beijing and was primarily southwestward. The hot-zones of urbanization were observed within the ranges of 7-25 km, 6-18 km, and 0-15 km, accounting for 93.49%, 89.44% and 72.44% of the total expansion area in Beijing, Tianjin and Tangshan, respectively. The majority of the newly developed urban land was converted from cultivated land and integrated from other built-up land over the past four decades. Of all new urban land in the Beijing, Tianjin and Tangshan, more than 50% was converted from cultivated land, and there was a general tendency for smaller cities to have higher percentages of converted land, accounting for 50.84%, 51.19%, and 51.58%, respectively. The study revealed significant details of the temporal and spatial distributions of urban expansion in Beijing, Tianjin and Tangshan and provided scientific support for the collaborative development of the Beijing, Tianjin and Hebei (Jing-Jin-Ji) regions.
Introduction
Unprecedented urbanization, characterized by demographic shifts from rural to urbanized areas and urban land expansion, has taken place globally in the past several decades [1] [2] [3] . Although accounting for only a tiny proportion (perhaps less than 1%) of the world's land surface, urban areas serve as a base of more than 90% of the global economy and 50% of the world's population [4, 5] . Information on urban areas (or impervious surfaces) and their changes in time have significant planning, land management in government eco-environment protection and promoting healthy urbanization in the Beijing-Tianjin-Hebei region.
Materials and Methods

Study Area
Followed by the Yangtze River Delta and Pearl River Delta city groups, the Jing-Jin-Ji Urban Agglomeration area has become China's center of economic growth in the third pole [31, 34, 35] . The Jing-Jin-Ji metropolitan area located in the eastern part of the North China Plain belongs to the Bohai Rim and consists of 13 cities (see Figure 1a ,b). This urban group accommodates an urban population of approximately 30 million with a GDP of 4.8 trillion Yuan in the year 2013 [31] . Our study areas are the three main cities of the Jing-Jin-Ji Urban Agglomeration-Beijing, Tianjin and Tangshan (Figure 1c) , which have also have long been known as the Golden Delta, Jing-Jin-Tang (Figure 1b ). Beijing and Tianjin are two municipalities under direct administration of the Central Government, both surrounded by Hebei province. Beijing, with a city history of more than 3000 years and a capital history of more than 800 years, is the capital of contemporary China and the political and cultural center of the whole country. As the political, cultural and international communication center of China, Beijing has undergone relatively modest expansion since 1949. This expansion accelerated after the economic reforms in 1978. It has since experienced rapid population growth, economic increase and landscape alteration. The expansion of the urban area in Beijing has drawn substantial attention [36] [37] [38] [39] [40] [41] . Tianjin, bordering Beijing approximately 130 km to the southeast, is the largest open port city and economic center in northern China. In 2009, three coastal districts (Hangu, Tanggu and Dagang) of Tianjin were formed into Binhai New Area, which is considered the third pole of Chinese economic development. Tangshan, located in the central zone of Bohai Bay, within approximately 150 km to the southeast of Beijing and 120 km to the northeast of Tianjin, has been a heavy industrial city for one hundred years. As a heavy industrial base, industry plays an important role in Tangshan's economic development. The urban growth and post-earthquake reconstruction in Tanghan drew much concern [42] [43] [44] . With the rapid development of high-speed trains, the distance among the three cities has grown much smaller (only 30-60 min travel by high-speed railway). This study adopted the main urban area to compare the urban expansion in Beijing, Tianjin, and Tangshan because such an area is more similar to the urban entity region. A main urban area is a continuous region that has actually been developed and constructed and has basic public municipal facilities and public infrastructure facilities [45] . It can fully reflect cities as regions with high-density populations and various non-agricultural activities. In the process of cartography, the connectivity of the geographic space is fully considered, and it shows that the independent urban land areas around the cities are not converted. This may include two cases: one type includes the suburban areas, and the other features areas of industrial, mining, transportation and other enterprises and institution separated from the main urban districts.
Data Sources
Fifty-five multi-sensor remote sensing images covering the main urban area in the Jing-Jin-Tang metropolitan area were obtained from 1970 to 2013 (Table 1 ) from the following sources: Landsat 4 and Landsat 5 Multi-spectral Scanner (MSS), Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and Landsat 8 Operational Land Image (OLI) from the US Geological Survey (USGS) and China-Brazil Earth Resources Satellite (CBERS) Charge-coupled Device (CCD), and Environmental Satellite (HJ-1) CCD from the China Center for Resources Satellite Data and Application (CCRSDA). The images from mid-July to mid-August were chosen for better land cover detection during the vegetation growth season peak [46] . Landsat TM/ETM+/OLI images were the main remote sensing data source used in this study, accounting for approximately 75% of the images used, and Landsat MSS, CBERS CCD, and HJ-1 CCD data were used as alternative to fill gaps where Landsat TM images were poor in quality or unavailable. Because remote sensing data were scarce in the 1970s, the starting time for urban growth monitoring of the three cities could not be unified. In the 1970s, China was in a downturn of urban development, so the different starting times have a negligible impact on the following studies. An "area of interest" (AOI) boundary representing the metropolitan study area was delineated for the remote sensing analysis. The city and county boundary datasets were obtained from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC). Other assisted data to measure the impact of the urban extent were collected from the website of the National Bureau of Statistics of China (NBSC, http://data.stats.gov.cn/) and were provided by the China Urban-Rural Construction Statistical Yearbook. 
Data Processing
Because of the complexity of LUCC and its related research, there is no uniform classification system that is accepted by most scientists [47, 48] . The LUCC classification system of the National Land-Use/Cover Database of China (NLUD-C) [49] was adopted to extract urban expansion information and its influences on local land use. The classification system contains two level types: the first-level types include cultivated land, woodland, grassland, built-up land, water bodies, and unused land, and the second-level types is more detailed types expression of the first level (Table 2) . In this research, the main urban area is the study subject, which belongs to the built-up land of the first-level. Image pre-processing and classification were performed using ERDAS IMAGINE 9.2 (Leica, Inc., Atlanta, GA, USA), Arc GIS 10.0 (ESRI, Inc., RedLands, CA, USA) and Modular GIS Environment 7.01 (MGE; Intergraph, Inc., Madison, WI, USA). To meet visual interpretation needs, and avoid the effect of processing methods on the color and texture features of images, various image processing methods were not adopted before interpretation unless the quality of image is poor, [49, 50] . We emphasized geometric rectification to ensure that an urban area in different remote sensing images has the same geographical location. All purchased images were rectified and georeferenced to the Albers projection system based on 1:100,000 topographic maps of China. We conducted image-to-image registration of all images to the master scene. Geometric rectification of the image set using ground control points was manually performed. The total root mean square error obtained for the ground control points did not exceed 0.5 pixels. All data were composited using standard false-color synthesis. Finally, visual interpretation based on professional knowledge and experience, focusing on the applications and extraction of accurate information to retrieve the entire urban expansion process [49] , was used to monitor urban expansion and its impact on local land use. On the Intergraph MGE platform, based on the established interpretation symbols of urban land, researchers with experience in visual interpretation referred to Google Earth and topographic maps to adopt the human-computer interactional digital interpretation method and extract the boundary line of urban land in the initial phase remote sensing image. On this basis, change information by image-to-image comparison was drawn as dynamic pattern spots and given attributes. To ensure the accuracy of the attributes of change patterns, field survey records, landscape photographs, and auxiliary data were adopted in this study. At the same time, the boundary line of urban land and the dynamic spots of land use are guaranteed to be close. To track urban growth, it is important to have accurate urban area maps in multiple years. We refer to the drawing standard of NLUD-C to ensure accuracy of the monitoring results above 90% [48, 51] .
Methods
Division of Urban Expansion Directions and Zones
The direction and buffer zone of the outward urban expansion from the city center were drawn by ArcGIS 10.0. Rays extending from the city center were drawn with equal intervals of 45˝from the north in the clockwise direction, resulted in a total of 8 fans of land expansion (N, NE, E, SE, S, SW, W, NW). The buffer zones were generated and overlaid with the new urban growth polygons at regular intervals of 1000 m (Figures 2-4 boundary line of urban land in the initial phase remote sensing image. On this basis, change information by image-to-image comparison was drawn as dynamic pattern spots and given attributes. To ensure the accuracy of the attributes of change patterns, field survey records, landscape photographs, and auxiliary data were adopted in this study. At the same time, the boundary line of urban land and the dynamic spots of land use are guaranteed to be close. To track urban growth, it is important to have accurate urban area maps in multiple years. We refer to the drawing standard of NLUD-C to ensure accuracy of the monitoring results above 90% [48, 51] .
Methods
Division of Urban Expansion Directions and Zones
The direction and buffer zone of the outward urban expansion from the city center were drawn by ArcGIS 10.0. Rays extending from the city center were drawn with equal intervals of 45° from the north in the clockwise direction, resulted in a total of 8 fans of land expansion (N, NE, E, SE, S, SW, W, NW). The buffer zones were generated and overlaid with the new urban growth polygons at regular intervals of 1000 m (Figures 2-4) . The area of the new urban growth land in each buffering was extracted at all monitoring stages. 
Landscape Metrics Analyzed
Landscape metrics provide a quantitative description of the composition and configuration of urban landscapes. These metrics were computed for the main urban land expansion of each city at the landscape level with the help of FRAGSTATS 4.2 [52] with the eight-neighbor rule. For the 
Landscape metrics provide a quantitative description of the composition and configuration of urban landscapes. These metrics were computed for the main urban land expansion of each city at the landscape level with the help of FRAGSTATS 4.2 [52] with the eight-neighbor rule. For the objectives of this study and to avoid redundancy, land expansion is characterized by three prominent spatial metrics chosen based on spatial and complexity criteria. Overall changes in urban patterns were analyzed using several landscape metrics: percentage of landscape (PLAND), landscape shape index (LSI), and normalized landscape shape index (Table 3) . Generally, the PLAND quantifies the proportional abundance of each patch type in the landscape; it approaches 0 when the corresponding patch type becomes increasingly rare in the landscape, and it equal to 100 when the entire landscape consists of a single patch type. The LSI measures the perimeter-to-area ratio for the landscape as a whole, which is identical to the habitat diversity index. LSI = 1 when the landscape consists of a single square patch of the corresponding type, and it increases without limit as the landscape shape becomes more irregular. NLSI is 0 when the landscape consists of a single square or maximally compact almost square; it increases as patch types become increasingly disaggregated and is 1 when the patch type is maximally disaggregated.
Centroid Shift and Space Gravity Models
To obtain a quantitative and intuitive description of the spatial change characteristics of urban expansion in the Jing-Jin-Tang city group from the 1970s to 2013, the centroid shift model was employed in this study [53] . The equation for the model is given as follows:
where X t and Y t indicate the area-weighted abscissa and ordinate of all urban patches in year t, respectively; C ti is the area of urban land patch i in the tth year, n is the total number of patches of urban land, and X i and Y i are the abscissa and ordinate of urban land patch i, respectively.
To describe the amplitude of the centroid shift, the distance D is defined as
where D (m) is the distance of the centroid shift; X(t 1 ), Y(t 1 ), X(t 2 ), and Y(t 2 ) are the area-weighted abscissa and ordinate of all urban land patches in years t 1 and t 2 , respectively; t 1 is the beginning of the monitoring period; and t 2 is the end of the monitoring period. Gravity models are the most widely used types of interaction models [54] . They are mathematical formulations that are used to analyze and forecast spatial interaction patterns. The gravity model, which derives its name from an analogy to the gravitational interaction between planetary bodies, appears to capture and interrelate at least two basic elements: (1) scale impacts: for example, cities with large area tend to generate and attract more activities than cities with small areas; and (2) distance impacts: for example, the farther places, activities are apart, the less they interact. To account for the interactions between cities, this paper induces the modified Newton's law of universal gravitation. In the law, each body attracts every other body with a force that is proportional to its mass. The gravitational force between cities is a relative value, but it can reflect the close relationship between cities at a certain level. The greater the value of gravity, indicating a closer relationship between the city. Here, the mass of the body is replaced by the urban area, and the distance is the centroid between two cities. G is a constant coefficient. The equation for the model is given as follows:
where F is the relative interaction between two cities; G is a constant coefficient; A i is the area of city A in year i; B i is the area of city B in year i; R i is the distance between the centroids of the two cities in year i.
Results
Urban Land Dynamic Change
Quantitative Analysis of Urban Expansion
Over the past four decades, Beijing, Tianjin and Tangshan have undergone rapid urbanization ( Figure 5 ), which can be seen from the continuous expansion of their urban land, and the area of the three cities has increased by 1152.84 km 2 , 467.22 km 2 , and 98.71 km 2 , respectively. For Beijing; remote sensing monitoring of the main urban area started in 1973 and ended in 2013; totaling 23 periodic images. The Beijing main urban district extended in the form of the "pie" type and had obvious differences among periods: the rate of expansion was slow at 7.83 km 2 For Tianjin, remote sensing monitoring of the main urban area started in 1978 and ended in 2013, totaling 16 sequential images. In the past 35 years, the main urban area has expanded along the Jing-Jin-Tang expressway, Tianjin port and other highways, and the rate of expansion has also presented differences in various periods: during 1978-1996, the main district established slowly at an average of 5.18 km 2 around the old urban area; during 1996-2010, with the rapid social and economic development, the demand for urban land was increasing, and the extension area was 336.04 km 2 ; after 2010, the rate and amplitude of expansion decreased, and the area increased by only 12.62 km 2 annually, slightly less than average over the past 35 years.
As a "post-earthquake reconstruction" city, Tangshan is benefiting from proper reconstruction planning guidance and the radiative and exemplary role of Beijing and Tianjin. The remote sensing monitoring of its main urban area during 1976-2013 totaled 16 serial images. During those times, the main city area annually grew at a rate of approximately 2.67 km 2 . The Tangshan earthquake on 28 July 1978 seriously influenced the development of this city. During 1976-1996, this city underwent decelerating expansion along with accelerated urbanization, with the center urban area rapidly expanding at an average annual rate of 3.68 km 2 during 1996-2002; during 2002-2009, it underwent undergone smooth expansion at the rate of 3.4 km 2 per year; after 2009, the growth rate of the main urban area expansion decreased. In the rapid development of the Lunan district, Lubei district, and Kaiping district, the total urban areas are all increasing. Figure 6 demonstrates the features and trends of urban landscape change for the three cities from 1973 to 2013. As urbanization proceeded, the area and PLAND of the main city area showed a monotonic increasing trajectory; meanwhile, there is a much steeper trend for Beijing than that of Tianjin and Tangshan (Figure 6a,b) . The urban PLAND increased from 1.12% to 9.03% for Beijing, 1.07% to 5.05% for Tianjin, and 0.39% to 1.35% for Tangshan (Figure 6b ). Before 1987, Tianjin was experiencing compact growth mode, while Beijing and Tangshan represented relatively decentralized expansion. During 1987-1996, the expansion mode of Tianjin and Tangshan were For Tianjin, remote sensing monitoring of the main urban area started in 1978 and ended in 2013, totaling 16 sequential images. In the past 35 years, the main urban area has expanded along the Jing-Jin-Tang expressway, Tianjin port and other highways, and the rate of expansion has also presented differences in various periods: during 1978-1996, the main district established slowly at an average of 5.18 km 2 around the old urban area; during 1996-2010, with the rapid social and economic development, the demand for urban land was increasing, and the extension area was 336.04 km 2 ; after 2010, the rate and amplitude of expansion decreased, and the area increased by only 12.62 km 2 annually, slightly less than average over the past 35 years.
Landscape Metrics for Urban Land Expansion
As a "post-earthquake reconstruction" city, Tangshan is benefiting from proper reconstruction planning guidance and the radiative and exemplary role of Beijing and Tianjin. The remote sensing monitoring of its main urban area during 1976-2013 totaled 16 serial images. During those times, the main city area annually grew at a rate of approximately 2.67 km 2 . The Tangshan earthquake on 28 July 1978 seriously influenced the development of this city. During 1976-1996, this city underwent decelerating expansion along with accelerated urbanization, with the center urban area rapidly expanding at an average annual rate of 3.68 km 2 during 1996-2002; during 2002-2009, it underwent undergone smooth expansion at the rate of 3.4 km 2 per year; after 2009, the growth rate of the main urban area expansion decreased. In the rapid development of the Lunan district, Lubei district, and Kaiping district, the total urban areas are all increasing. Figure 6 demonstrates the features and trends of urban landscape change for the three cities from 1973 to 2013. As urbanization proceeded, the area and PLAND of the main city area showed a monotonic increasing trajectory; meanwhile, there is a much steeper trend for Beijing than that of Tianjin and Tangshan (Figure 6a,b) . The urban PLAND increased from 1.12% to 9.03% for Beijing, 1.07% to 5.05% for Tianjin, and 0.39% to 1.35% for Tangshan (Figure 6b ). Before 1987, Tianjin was experiencing compact growth mode, while Beijing and Tangshan represented relatively decentralized expansion. During 1987-1996, the expansion mode of Tianjin and Tangshan were relatively compact and peaceful, however Beijing was experiencing dispersed growth before 1992, then shown a compact expansion. After 1996, All the cities revealed a continuous disaggregated expansion mode, besides, Tianjin was experiencing the most dispersed growth among the three cities (Figure 6c) . Results (Figure 6d ) indicate that the landscape of Tangshan was the most fragmented, and its NLSI was close to 1. The landscapes of Beijing and Tianjin were relatively aggregated: in particular, the landscape of Tianjin was more irregular than Beijing's. Before 1987, the values of NLSI were continuing to rise in Tangshan, Tianjin's reversed the downward trend, and Beijing's had four waves trend. During 1987-1998, the peak occurred in 1998 for Beijing, whereas Tianjin and Tangshan underwent a gentle increase, followed by a great increase again for all cities after 1998. The results indicate that the landscape of Tangshan is much more fragmented than Beijing and Tianjin in all periods according to the metric of NLSI (Figure 6d) . relatively compact and peaceful, however Beijing was experiencing dispersed growth before 1992, then shown a compact expansion. After 1996, All the cities revealed a continuous disaggregated expansion mode, besides, Tianjin was experiencing the most dispersed growth among the three cities (Figure 6c) . Results (Figure 6d ) indicate that the landscape of Tangshan was the most fragmented, and its NLSI was close to 1. The landscapes of Beijing and Tianjin were relatively aggregated: in particular, the landscape of Tianjin was more irregular than Beijing's. Before 1987, the values of NLSI were continuing to rise in Tangshan, Tianjin's reversed the downward trend, and Beijing's had four waves trend. During 1987-1998, the peak occurred in 1998 for Beijing, whereas Tianjin and Tangshan underwent a gentle increase, followed by a great increase again for all cities after 1998. The results indicate that the landscape of Tangshan is much more fragmented than Beijing and Tianjin in all periods according to the metric of NLSI (Figure 6d ). 
Spatiotemporal Pattern Analysis of Urban Expansion
The Centroid Shift of the Main Urban District
The centroid of the city is one of the important parameters that indicate the direction and spatial pattern of urban expansion. Owing to differences in economic, demographic and terrain factors, the shift of the city centroid also shows great disparities ( Figure 7) . As the capital city of China, policy and terrain are the main factors influenced Beijing's spatial pattern. Because northwest of Beijing is the Taihang Mountains, Beijing expanded to the southeast, approximately 2.57 km. As a port city, Tianjin moved towards the coastline, and the shift distance is 2.83 km to the southeast [53] . The centroid shift of Tangshan, which is under the immense influences of Beijing and Tianjin, is 1.02 km in the southwest direction. 
Spatiotemporal Pattern Analysis of Urban Expansion
The Centroid Shift of the Main Urban District
The Spatial Orientation of Urban Land Expansion
To further understand the detailed spatial patterns of the intra-city landscape, this study charted urban expansion in different directions with cumulative area (Figure 8 , Table 4 ).
Specifically, for Beijing, the urban land expanding almost occurred in every direction from the original urban core, presented a single choropleth map pattern (Figure 9a 
Specifically, for Beijing, the urban land expanding almost occurred in every direction from the original urban core, presented a single choropleth map pattern (Figure 9a For Tianjin, the main expansion occurred in the southeast (E-SE, SE-S) direction, in which the urban expansion area increased by approximately 45.7% of the total expansion area from 1978 to 2013. Especially, affected by the rapid development of Binhai New Area, the largest expansion of 7.99% occurred during 2009-2010. Meanwhile, under the influence of the Tianjin South Railway Station construction, there was short, dramatic expansion in the southeast direction, which increased by 3.01%. In the whole expansion process, it formed a double surface network pattern (Figure 9b ).
For Tangshan, the urban expansion radar map shows a polarization trend from north to south, also represented double surface network pattern (Figure 9c) , and the expansion proportion in the north direction was 41.1%, whereas in the southwest it was 24.4%. In the north direction, the largest-scale expansion occurred in Lubei district during 2000-2002, which increased by approximately 8.7%. In particular, the largest-scale expansion occurred in Fengnan district from 2009 to 2013, which increased by almost 22.3% in the southwest direction.
Hot-Zones of Urban Expansion
Understanding the locations of the growth hot-zones is essential for urban growth and city design and planning. To avoid redundancy, the concentric circle analysis revealed that over the past For Tianjin, the main expansion occurred in the southeast (E-SE, SE-S) direction, in which the urban expansion area increased by approximately 45.7% of the total expansion area from 1978 to 2013. Especially, affected by the rapid development of Binhai New Area, the largest expansion of 7.99% occurred during 2009-2010. Meanwhile, under the influence of the Tianjin South Railway Station construction, there was short, dramatic expansion in the southeast direction, which increased by 3.01%. In the whole expansion process, it formed a double surface network pattern (Figure 9b ).
Understanding the locations of the growth hot-zones is essential for urban growth and city design and planning. To avoid redundancy, the concentric circle analysis revealed that over the past four decades, Jing-Jin-Tang expanded outward in a layered structure (Figure 9 ). The main urban extension distance was similar in Beijing and Tianjin, forming an outline with an approximately 30 km radius, whereas the urban extension distance was only half of the former two cities in Tangshan (Figure 9a) . However, the forms were slightly different: for Beijing, the entire extended area showed an approximately normal distribution, whereas the urban extension presented a skewed distribution in Tianjin and Tangshan. The hot-zones of urbanization of the three cities were observed within the ranges of 7-25 km, 6-18 km, and 0-15 km, accounting for 93.49%, 89.44% and 72.44% of the total expansion area, respectively. Especially for Beijing, the area in the ring was fully urbanized by 2013, which was approximately equivalent to the distance of Beijing Ring 5.
Remote Sens. 2016, 8, 496 14 of 22 four decades, Jing-Jin-Tang expanded outward in a layered structure ( Figure 9 ). The main urban extension distance was similar in Beijing and Tianjin, forming an outline with an approximately 30 km radius, whereas the urban extension distance was only half of the former two cities in Tangshan (Figure 9a) . However, the forms were slightly different: for Beijing, the entire extended area showed an approximately normal distribution, whereas the urban extension presented a skewed distribution in Tianjin and Tangshan. The hot-zones of urbanization of the three cities were observed within the ranges of 7-25 km, 6-18 km, and 0-15 km, accounting for 93.49%, 89.44% and 72.44% of the total expansion area, respectively. Especially for Beijing, the area in the ring was fully urbanized by 2013, which was approximately equivalent to the distance of Beijing Ring 5. For Beijing (Figure 9b ), the total urban expansion area was approximately 1295 km 2 with a distance between 4 km and 32 km from the 1970s to 2010s, and the per-period urban expansion area proportion was approximately 3.73%, 5.46%, 39.18%, 41.02% and 10.61% of the total growth area. The main expansion took place in the zones within a distance of 10 km to 20 km from the edge of the pre-growth urban patches during the 1990s and 2000s, respectively; 30.7% of the total expansion area in the 1990s, 26.5% in the 2000s, and 42.8% in the other periods took place within a distance of 4-10 km and 20-32 km from the former urban fringe. Thus, the hot-zone of Beijing urban expansion is the buffer zone from 10 km to 20 km. In other words, the fastest growth region of Beijing is from the fourth ring road to the sixth ring road, and according to the radar map of Beijing urban expansion, those regions were near Zhongguancun Park in Haidian district and Yizhuang Park in Daxing district.
For Tianjin (Figure 9c ), the total urban expansion area was approximately 467 km 2 with a distance between 2 km and 18 km from the 1970s to 2010s. Each period's urban expansion area proportion was approximately 0.55%, 13.89%, 14.31%, 43.49% and 27.76%, and its main expansion took place in zones within a distance of 9 km to 16 km during the 2000s and 2010s; approximately 34.6% of the total growth area in the 2000s, 13.8% in the 2010s, and 42.6% in the other periods took place within a distance of 4-9 km and 16-32 km from the former urban fringe. Thus, the hot-zone of Tianjin urban expansion is the buffer zone from 9 km to 16 km. During the 1990s and 2000s, the For Beijing (Figure 9b ), the total urban expansion area was approximately 1295 km 2 with a distance between 4 km and 32 km from the 1970s to 2010s, and the per-period urban expansion area proportion was approximately 3.73%, 5.46%, 39.18%, 41.02% and 10.61% of the total growth area. The main expansion took place in the zones within a distance of 10 km to 20 km from the edge of the pre-growth urban patches during the 1990s and 2000s, respectively; 30.7% of the total expansion area in the 1990s, 26.5% in the 2000s, and 42.8% in the other periods took place within a distance of 4-10 km and 20-32 km from the former urban fringe. Thus, the hot-zone of Beijing urban expansion is the buffer zone from 10 km to 20 km. In other words, the fastest growth region of Beijing is from the fourth ring road to the sixth ring road, and according to the radar map of Beijing urban expansion, those regions were near Zhongguancun Park in Haidian district and Yizhuang Park in Daxing district.
For Tianjin (Figure 9c ), the total urban expansion area was approximately 467 km 2 with a distance between 2 km and 18 km from the 1970s to 2010s. Each period's urban expansion area proportion was approximately 0.55%, 13.89%, 14.31%, 43.49% and 27.76%, and its main expansion took place in zones within a distance of 9 km to 16 km during the 2000s and 2010s; approximately 34.6% of the total growth area in the 2000s, 13.8% in the 2010s, and 42.6% in the other periods took place within a distance of 4-9 km and 16-32 km from the former urban fringe. Thus, the hot-zone of Tianjin urban expansion is the buffer zone from 9 km to 16 km. During the 1990s and 2000s, the largest-scale change For Tangshan (Figure 9d ), the total urban expansion area was approximately 130 km 2 with a distance between 2 km and 18 km from the 1970s to the 2010s. Each period's urban expansion area proportion was approximately 7.35%, 14.38%, 10.02%, 31.0% and 37.25%, and the faster expansion took place in zones within a distance of 5 km to 9 km in the 2000s. During the 2000s and 2010s, there was also larger-scale expansion in the 11 km buffer zone, and according to the radar map of Tangshan, the Lubei district in the north of the city and the Fengnan district in the southwest direction were developing rapidly.
The Impact on the Other Land Use
Urban expansion is one part of LUCC, which is an event of paramount importance in the study on global environmental change. In the past four decades, the spatial expansion of Beijing, Tianjin and Tangshan influenced its social and economic development on the regional and national scales and profoundly affected the land use in Jing-Jin-Tang area. The majority of the newly developed urban land encroached on the cultivated land and other built-up land (Figure 10b-d) .
Remote Sens. 2016, 8, 496 15 of 22 largest-scale change occurred; following the radar map result, this change led to the development of the Binhai New Area in the hot-zone from 9-16 km in the southeast of Tianjin. For Tangshan (Figure 9d ), the total urban expansion area was approximately 130 km 2 with a distance between 2 km and 18 km from the 1970s to the 2010s. Each period's urban expansion area proportion was approximately 7.35%, 14.38%, 10.02%, 31.0% and 37.25%, and the faster expansion took place in zones within a distance of 5 km to 9 km in the 2000s. During the 2000s and 2010s, there was also larger-scale expansion in the 11 km buffer zone, and according to the radar map of Tangshan, the Lubei district in the north of the city and the Fengnan district in the southwest direction were developing rapidly.
Urban expansion is one part of LUCC, which is an event of paramount importance in the study on global environmental change. In the past four decades, the spatial expansion of Beijing, Tianjin and Tangshan influenced its social and economic development on the regional and national scales and profoundly affected the land use in Jing-Jin-Tang area. The majority of the newly developed urban land encroached on the cultivated land and other built-up land (Figure 10b-d) . For Beijing, the urban area mostly extended at the cost of cultivated land; since 1973, it has occupied 586.16 km 2 of cultivated land, accounting for 50.84% of all newly built-up areas. This was followed by the conversion of rural residents' land to urban land, which was approximately 535.03 km 2 , accounting for 46.41% of the total expanding area. Cultivated land and rural settlement land converted at a rate of 14.65 km 2 and 13.38 km 2 per year, respectively. The hotpot expansion occurred during 2002-2003, and it was relatively less during 1973-1975 and 2006-2007 . Before 2000, the rate of newly developed urban area from rural settlement land was slightly higher than that of cultivated land, but since 2000, cultivated land has become the main object of construction land expansion.
In Tianjin city, the total expansion of the main urban district is 467.22 km 2 , which is also affecting the cultivated land and rural settlement land. Over the past 35 years, cultivated land and For Beijing, the urban area mostly extended at the cost of cultivated land; since 1973, it has occupied 586.16 km 2 of cultivated land, accounting for 50.84% of all newly built-up areas. This was followed by the conversion of rural residents' land to urban land, which was approximately 535.03 km 2 , accounting for 46.41% of the total expanding area. Cultivated land and rural settlement land converted at a rate of 14.65 km 2 and 13.38 km 2 per year, respectively. The hotpot expansion occurred during 2002-2003, and it was relatively less during 1973-1975 and 2006-2007 . Before 2000, the rate of newly developed urban area from rural settlement land was slightly higher than that of cultivated land, but since 2000, cultivated land has become the main object of construction land expansion.
In Tianjin city, the total expansion of the main urban district is 467.22 km 2 , which is also affecting the cultivated land and rural settlement land. Over the past 35 years, cultivated land and rural settlements are occupied by urbanization at an average rate of 6.83 km 2 and 5.37 km 2 each year. Since 1978, it has occupied 239.18 km 2 of cultivated land, accounting for 51.19% of all new expansion areas. The maximum expansion rate was during 2009-2011, whereas the minimum value was observed during 1998-2000, 1978-1979 and 1987-1993 . Benefiting from the framework of "Regulations on the Protection of Basic Farmland" legal system in 1998, occupied rural settlements became the largest land source of expansion after 1998.
For Tangshan, the total expansion area was 98.71 km 2 , of this, the area from cultivated land was 50.91 km 2 , which was the largest component of the main expansion area, approximately 51.58%, and the area from rural settlements was 45.64 km 2 , approximately 46.23%. Moreover, the expansion area per year of cultivated land and rural residential area was 1.38 km 2 and 1.23 km 2 , and the peak expansion area occurred in 2000; the rural settlement decreased more quickly than that of cultivated land before 2000, and cultivated land became the largest occupied object after 2000. The peak periods of expansion rate were 1976-1979, 1998-1999 and 2010-2011.
The Interactions between Cities
Because the interaction among cities is very complicated, it is difficult to find a quantitative way to depict the relationship among them. In this research, we introduce the modified Newton's gravity equation to describe the relative quantification relationship among the cities. Although this value is a relative parameter, it objectively reflects the interactions among cities. The descending order of interurban gravity (F) is Beijing and Tianjin (Jin-Jin), Beijing and Tangshan (Jing-Tang), Tianjin and Tangshan (Jin-Tang) (Figure 11 1998-2000, 1978-1979 and 1987-1993 . Benefiting from the framework of "Regulations on the Protection of Basic Farmland" legal system in 1998, occupied rural settlements became the largest land source of expansion after 1998. For Tangshan, the total expansion area was 98.71 km 2 , of this, the area from cultivated land was 50.91 km 2 , which was the largest component of the main expansion area, approximately 51.58%, and the area from rural settlements was 45.64 km 2 , approximately 46.23%. Moreover, the expansion area per year of cultivated land and rural residential area was 1.38 km 2 and 1.23 km 2 , and the peak expansion area occurred in 2000; the rural settlement decreased more quickly than that of cultivated land before 2000, and cultivated land became the largest occupied object after 2000. The peak periods of expansion rate were 1976-1979, 1998-1999 and 2010-2011 .
Because the interaction among cities is very complicated, it is difficult to find a quantitative way to depict the relationship among them. In this research, we introduce the modified Newton's gravity equation to describe the relative quantification relationship among the cities. Although this value is a relative parameter, it objectively reflects the interactions among cities. 
Discussion
Accuracy of Mapping Methods
In this study, we used the method of visual interpretation by professionals, the classification accuracy depended on the professional background and interpretation ability of those researchers. Therefore, these aspects are particularly important for the quality control of the NLUD-C update [49] . Quality control is composed of two parts: repeated interpretation by different professionals and field verification. First, we randomly extracted 10% counties among all of the counties in China, and all dynamic polygons in the chosen counties were reinterpreted. Especially, repeated interpretation should follow these principle: accurate delineation of changes: thematic accuracy of 
Discussion
Accuracy of Mapping Methods
In this study, we used the method of visual interpretation by professionals, the classification accuracy depended on the professional background and interpretation ability of those researchers. Therefore, these aspects are particularly important for the quality control of the NLUD-C update [49] .
Quality control is composed of two parts: repeated interpretation by different professionals and field verification. First, we randomly extracted 10% counties among all of the counties in China, and all dynamic polygons in the chosen counties were reinterpreted. Especially, repeated interpretation should follow these principle: accurate delineation of changes: thematic accuracy of cultivated and construction land should reach 90%, and accuracy for other types should reach 80%. The location accuracy of all types should be controlled within two pixels (60 m). Second, we took photos and recorded the situation of local land use/cover and its changes on tables, especially recording the impact of ecological and environmental engineering and urbanization process on land use. The field survey routes were not the same for different areas (Table 5 ). Based on the quality control, the position of objects located in remote sensing images was exactly, a consistent geometric image set was required. A TM image set geometrically rectified with 1:100,000 relief maps at 30m spatial resolution was built up for the NLUD-C updates. Geometric correction of the image set using ground control points was manually performed. The accuracy of geometric correction in terms of the relative position error for the same feature point does not exceed 2 pixels. Table 5 . Principles of the field survey routes.
Study Area (km 2 )
Field Survey Routes (km) <100,000 ě1000 >100,000 and <250,000 ě2000 >250,000 and <500,000 ě3000 >500,000 ě4000
Topographical Features among Three Cities
Over the past four decades, Beijing, Tianjin and Tangshan have all experienced dramatic urban expansion. Logically, this phenomenon might be related to the differences in topographical features in those cities, which mostly include river, coast, traffic development, and gentle terrain. Driven in such an environment, the city will give priority to expansion. First, Beijing, Tianjin and Tangshan are all located in the North China Plain; to the west of the cities are the Taihang Mountains, to the north are the Yanshan Mountains, further south of the cities are the Taishan Mountains, and to the east is Bohai Sea. Thus, the cities would expand toward the east or south at the regional level. Second, many topographic indicators could be also as the potential factors, such as the ruggedness of terrain, but many related studies have not yet clear, so we only discuss the impact of DEM on urban expansion here. At the city level, the average elevation of Beijing is 20-60 m, and the southeast area is lower than the northwest area. In Tianjin, the mountainous area from northwest to southeast gradually declines, with a dustpan-shaped incline to Bohai. In Tangshan, the north is higher than the south, and from the west and northwest to east and southeast, the elevation becomes gentler towards the coast. Third, the powerful road transportation network accelerated the expansion in Beijing, and the coastal location created a good development opportunity for Tianjin and Tangshan. Moreover, all three cities could gain convenient marine transport and massive foreign directional investment from Binhai New Area.
Planning and Policy among the Three Cities
The detailed distinct characteristics in the directions and hot-zones of urban expansion in each city can be ascribed to the influence of urban planning and policy. The Urban Master Plan of Beijing (2004-2020) proposed the strategy of "Two axes, two belts, and multiple centers"; the "two axes" are the traditional Beijing axis and the Chang'an Street, and the "two belts" include the "Eastern development belt", which is north of Huairou district and Miyun district, along the Shunyi district and Tongzhou district in the southeast direction to Tianjin and Langfang City, and the "western ecological belt", which is Beijing's western mountainous area of the Yanqing, Changping line. The "multiple centers" are the urban construction areas within the scope of the different functional areas and in the new town in the "two belts". Beijing municipal government will be relocated to Tongzhou, which will have a great impact on the urban expansion of the future. As a consequence, the urban expansion in the southeast part of Tongzhou district and Shunyi district intensified during the period of 2004-2013. The Urban Master Plan of Tianjin (2005 Tianjin ( -2020 proposed the construction of a city spatial structure along "One axis, one belt, and three cities" in the Binhai New Area; the "one axis" is the axis along the Haihe River and the Beijing-Tianjin-Tanggu express highway; the "one belt" is the eastern coastal cities; and the "three cities" area is the core area of Binhai New Area, Hangu Metro and Dagang town. These have further driven the urbanization of Binhai New Area and even the inland areas, leading urban expansion in the southeast of Tianjin to a particular process along a corridor inland from coastal areas. The Urban Master Plan of Tangshan (2010-2020) proposed the development strategy of the "two belts", one of which is the development belt of the piedmont zone in the north of Tangshan, and the other is the coastal development belt in the south of Tangshan along with the Bohai areas. This is the consideration for strengthening cooperation with Chengde in the north and Beijing and Tianjin in the southeast, resulting in its shift in urban expansion direction after 2010.
Although the urban expansion area increased for all cities during the study period, it had different increasing magnitudes in different directions and different distances of hot-zones within each city, reflecting changes in the special regulations of urbanization with urban planning or policy in the specific periods. During the entire study period, the proportion of one of the urban expansion land types may have varied first and then decreased, or it may have remained stable or even increased for a certain part of each city; the periods of the most drastic land type change differed with direction and distance, demonstrating the relative dominance of urban development varying within cities over time, which may be adjusted according to urban planning, policy or other factors.
In summary, for Beijing, Tianjin, and Tangshan, the overall trend of urban expansion was restricted by topography conditions, whereas the characteristic of each urban expansion was driven by urban planning and policy.
Recommendation on the Future Urban Expansion
To prevent urban disorder sprawl, achieve land and energy conservation, and improve the running efficiency of city, we should construct a urban system which would be high density of living, less dependent on motor vehicles and mixed land-use. Based on the above analysis of the spatial and temporal distribution characteristics of Jing-Jin-Tang urban expansion, this study puts forward some proposals about the urban construction. In the past decades, Beijing has presented a relatively compact model of urban expansion, while Tianjin and Tangshan have shown a sharply sprawled expansion (Figure 8) , and all the three cities have different levels of urban problems, such as the main urban area is crowding, the living distance is too long, the urban villages are still existing, and low efficiency of city informatization construction, so we advocate (1) speeding up the construction of new key towns to improve the compactness of the regional space; (2) insisting on it that the rail transit oriented land use model to improve regional traffic compactness; (3) strengthening the improvement of the urban village to improve the compactness of land use; and (4) accelerating the construction of information infrastructure to improve the efficiency of urban information.
Conclusions
This paper compared the spatial and temporal characteristics of the urbanization process in Beijing, Tianjin and Tangshan using the integration of urban growth, landscape metrics and the effect of main urban area expansion on other land use. The systematic study on the patterns of urban expansion in the Jing-Jin-Tang urban group can provide additional scientific resources to expound the characteristics of China's urbanization in this research field.
Quantified and compared spatiotemporal patterns of both the urbanized areas and the urban expansion of the main urban area from 1970 to 2013 in Beijing, Tianjin and Tangshan, which have experienced rapid urbanization with average annual urban growth rates of 7.28%, 3.9%, and 0.97%, respectively. Beijing presented a single choropleth map pattern, whereas Tianjin and Tangshan presented a double surface network pattern. Urban expansion in Beijing was mainly concentrated upon Ring 4 to Ring 6 in the northwest and southeast directions, and Tianjin's urban expansion was mainly fuelled by dramatic development of Binhai New Area in the southeast and Tianjin South Railway Station in the southwest. Naturally, the largest-scale southwestward expansion in Tangshan was influenced by the expansion of Beijing and Tianjin. The hot-zones of urbanization of the three cities were observed within the ranges of 7-25 km, 6-18 km, and 0-15 km, accounting for 93.49%, 89.44% and 72.44% of the total expansion area, respectively. However, the forms were slightly different: for Beijing, the entire extended area showed an approximately normal distribution, whereas urban extension presented a skewed distribution in Tianjin and Tangshan. In Beijing, full urbanization was realized within the ring by 2013, which was approximately equivalent to the distance of Beijing Ring 5.
Meanwhile, the expansion of the Beijing, Tianjin and Tangshan main urban districts directly impacts the regional land use, and the majority of newly developed urban land was converted from cultivated land and other built-up land in the past four decades. Beijing, Tianjin and Tangshan mostly extended along the cost of the cultivated land, occupying the 586.16 km 2 , 239.18 km 2 , and 50.91 km 2 of cultivated land, accounting for 50.84%, 51.19%, and 51.58% of all newly built-up area, respectively. The conversion of cultivated land in the three cities mainly occurred in the southeast in Beijing and Tianjin, where Tangshan's was in the northeast, accounting for approximately 46.90%, 37.45%, and 41.32% of the total, respectively. The differences in land use and economic, demographic and terrain factors led to the city centroid also showing great disparities. In Beijing, as the capital city of China, policy and terrain are the main factors influencing its spatial pattern. Because of the mountain area in the northwest, the city's expansion has moved southeast by approximately 2.57 km. As a port city, the centroid of Tianjin's main urban area obviously moved towards the coastline, approximately 2.83 km to the southeast. Under the immense influences of Beijing and Tianjin, the centroid of the shift distance of Tangshan was 1.02 km to the southwest. Moreover, the starting time of urban growth in those cities was inconsistent; Beijing's was earlier than Tianjin and Tangshan.
Comprehensive the direction and distance analysis of urban development, it can be inferred that the direction weight of the Eastern Development Zone of Tongzhou, Shunyi and Yizhuang districts will be increased in the spider diagrams of the urban expansion of Beijing, and the scale of southeast (NE-E, E-SE, SE-S) will be continued to grow. The trend of Tianjin urban growth will also insist on Binhai New Area as the core development zone, while developing its northeastern Hangu Metro and its southwestern Dagang town, so the double surface network pattern of Tianjin will division from middle of Binhai New Area to northeastern and southwestern. Tangshan will continue to expand toward to the southwest near Beijing and Tianjin, meanwhile, it also will be close to Chengde in the north, and the spider diagrams of the urban expansion will be much sharper between northern and southern in Tangshan.
The annual urban expansion monitoring from 1970 to 2013 for the Jing-Jin-Tang urban group demonstrates that the time sequence of Landsat data can provide valuable urban development information for urban growth modeling and monitoring of urban planning effects. The spatiotemporal comparison methods of urban growth can be employed to study the spatial and temporal dynamic patterns of the other metropolitan areas in China. The landscape of urban expansion is influenced by temporal and spatial scales, so the general understanding on landscape metrics at regional or city level cannot reveal detailed within city landscape completely under the impacts of urban expansion. High-resolution urban landuse maps have important applications in urban planning and management [55] . Application of multiscale image data of urban expansion might have the potential to further improve our understanding.
